In this work, the mechanism of void and microcrack formation along the adiabatic shear bands (ASB) was studied for processing dual phase steel by cold heading. Experimental investigation along with finite element simulation has confirmed that this mechanism depends on two types of instabilities, namely geometrical and thermal instabilities. The geometric instability occurs in the presence of second phase particles (inclusions) and in relation to the material flow orientation, whilst the thermal softening arises due to the localized plastic deformation inside the ASB. Progressive deformation was observed to cause the elongation of voids in the direction of shearing that formed microcracks in the ASB of the cold headed specimen. In addition, transformed bands were observed in the highly deformed zones as a result of the temperature in the ASB exceeding the Ac 3 transformation temperature 847°C. The superposition of the location of the ASB region containing the voids and micro-cracks with the phase transformation zone indicates that the development of optimized processing conditions is particularly critical for preventing fracture during cold heading of dual phase steels.
Introduction
Conventionally, hot-rolled steel for cold heading (CH) applications undergoes two thermal treatments: (1) annealing prior to deformation to achieve a spheroidized microstructure to enable the workability requirements during deformation and (2) heat treating after deformation to obtain the property specifications. Recently, the application of dual phase (DP) steels has enabled cold headability directly from the 'green rod' or hot-rolled condition due to the similarity in the mechanical properties to spheroidized annealed and slightly drawn steel wire. During the CH process, the work hardenability of the DP steel enables the achievement of the properties required for the final product without heat treatment.
1) The mechanical property requirements for cold headability without thermal treatments necessitate a good combination of strength and ductility, which in DP steels is possible on account of a predominately ferrite microstructure with a volume fraction of martensite, bainite and/or retained austenite between 10-20 %. 2) During the CH process, the DP steel is formed without an external heat source by applying a force to the free end of the rod contained between a die and punch, by one or several blows. In this way, a variety of components having complex final shapes, including fasteners, studs and small shafts, can be formed at high productivity rates with minimum material wastage. Currently, the trend in the CH industry is to apply faster headers and reduce the number of manufacturing stages, which requires modified process designs that produce higher strains and strain rates in the formed material. In general, process adjustments must consider the workability limits of the material beyond which two possible failures can occur: the formation of (1) external oblique or longitudinal crack due to exhaustion of the material ductility, and (2) internal cracks caused by the adiabatic shear band (ASB) phenomenon, which sometimes results in splitting of the fastener head.
3) Whilst the formation of surface cracks can be visually inspected and accounted for in the process design of the component for removal by means of machining or trimming, the delayed fracture from the presence of internal cracks in the ASBs can have catastrophic consequences.
Specifically, an ASB is a narrow, nearly planar or two-dimensional region of very large shearing that sometimes occurs in metals and alloys as they experience intense dynamic loading (as in the CH process). Once the band is fully formed, the two sides of the region are displaced relative to each other, although the material still retains full physical continuity from one side to the other. The thickness of the most heavily sheared region may be a few tens of microns or less, and its length might extend many millimeters or centimeters. 4) Commonly, the formation of ASBs occurs by impact loading at high strain rates (higher that 10 2 s
Ϫ1
) and high strains. With increasing plastic deformation, the occurrence of work hardening (from increases in strain and strain rate) results in an increase in the flow stress for most mate-rials. However, most of the plastic work (90-95 %) is converted into heat causing a local temperature increase and a flow stress decrease. Thus, a competing mechanism between the work hardening and the thermal softening commences and continues in the deformation zone. As the work hardening mechanism dominates over the thermal softening at the beginning, an increase in the flow stress occurs and with continuing deformation, the thermal softening mechanism can progressively dominate over work hardening increases, which then triggers unstable deformation. This instability condition will force the deformation to localize into a narrower band that through further localization can lead to final failure. 4) There are two types of ASBs, namely the deformed adiabatic shear bands (DASBs) and the transformed adiabatic shear bands (TASBs). DASBs occur in materials that do not undergo phase transformation, or when the local increased temperature in the band is not high enough to cause phase transformation. The damage and fracture process in DASBs involves a number of metallurgical events involving different steps between void nucleation and crack propagation. The initial phase of damage coincides with void nucleation at inclusion edges or at grain boundaries due to the interaction of local stresses and dislocations phenomena. The damage in the material is then driven by the accumulated plastic strain and affected by the stress triaxiality. 5) Moreover, deformation under compressive loads shows that when there is compressive (negative) stress triaxiality, the formability is greater than in the tensile loading state, i.e. positive stress triaxiality.
6) It is therefore a competition between the stress triaxiality levels reached in the specimen and the high plastic strains, which determine the failure site. 5) TASBs occur in materials that undergo phase transformations, and are often found in high strength steel in locations where the critical temperature for the transformation of ferrite to austenite (Ac 3 ) is surpassed. After high strain rate forming, the rapid heat dissipation from the ASB to the surrounding matrix material results in a fast decrease in temperature below the Ms and leads to austenite transformation into martensite, yielding the TASBs. TASBs may fracture in a brittle manner in directions normal to the local tensile stress. If the matrix is sufficiently ductile, brittle fracture will be limited to the band, but sometimes the fracture may extend to the matrix. Even if the band does not fracture, it remains a brittle fracture path in the middle of the ductile matrix and might lead to catastrophic failure. 7) Moreover, Klepaczko et al. 8) have indicated that shear bands either with or without phase transformations, frequently act as a site of fracture initiation. Therefore, characterizing the development of ASBs as well as investigating the role of processing conditions on the formation of ASBs is critical for allowing design modification during processing DP steels by CH. While this is the aim of a broad research initiative for our work, in this paper the objective is to focus on characterizing the development of the ASBs by defining the influence of microstructural characteristics such as inclusions and second phase particles on the formation of voids and cracks.
Experimental

Materials
Hot rolled DP steel was received in rod form with a chemical composition in weight percent of 0.089 % C, 1.69% Mn, 0.62% Si, 0.46% Mo, 0.011% S, 0.009% P, 0.07% Cr, 0.003% Al, 0.01% Nb, 0.033% Co, 0.007% V, 0.003 % N, and 0.04 % Cu. Using the empirical formulas provided by Andrews, 9) the nominal Ac 1 , Ac 3 and Ms transformation temperatures of this material were determined to be approximately 723, 847 and 498°C, respectively.
The microstructure of the as-received material ( Fig. 1 ) consisted of predominately ferrite grains (ϳ15 mm) with 15-19 vol% martensite as determined by neutron diffraction analysis for this grade. 1) Specimens for CH were machined with a tolerance of 0.02 mm from this as-rolled rod material to a cylindrical configuration of 5.3 mm in diameter with aspect ratios of 1.6 and 1.8.
Equipment
The research studies on the DP steel were performed using a drop weight compression test (DWCT), which simulates fairly closely the CH process and is capable of generating both types of ASBs during upset testing. The DWCT machine, as illustrated in Fig. 2 , consists of a tower enabling interchangeable weight plates to be dropped from different heights. In the current work, the DWCT was performed by varying the weight from 22 to 38 kg at a constant height of 2.4 m.
Sample Preparation & Testing
The cold headed samples were sectioned transverse to the heading direction using a high concentration diamond wafering blade on a slow speed (200 rpm) cut off saw that was operated with an oil coolant. Sectioned specimens were mounted in Bakelite and prepared for metallographic examination using automated techniques for grinding and polishing. Specifically, the specimens were ground with successive papers of SiC from 280 grit to 600, followed by rough polishing using a 9 mm diamond suspension with an alcohol based lubricant on a silk cloth and final polishing with 3 mm and 1 mm on a nylon and porous pad, respectively. After ultrasonic cleaning, the specimens were etched by immersion in a 2 % nital solution.
Microstructural examination was performed using optical light microscopy with polarizing capabilities and image analysis software to examine the overall characteristics of the ASBs and the voids and cracks initiated in the interior or along the ASBs. High-resolution imaging for examining the topography of the voids and cracks in the ASBs was performed using scanning electron microscopy operated in secondary electron (SE) mode and equipped with an X-ray detector for elemental analysis of the secondary phases by energy dispersive spectroscopy (EDS). Mapping the topography of the voids and cracks in the ASBs was performed using a laser scanning confocal microscope (LSCM) equipped with an argon laser (488 nm) and objective specifications of up to 100ϫ with a 6ϫ optical zoom. As the image produced by scanning the x-and y-axes with a spot laser beam in LSCM originates from a shallow focus depth, for the DP steel specimens a series of precisely focused optical images were acquired along the z-axis of the microscope. The successive images were then overlapped using specialized reconstruction software to obtain a 3-dimensional extended focus image of the cross-sectional view that contained both height and intensity information. Specifically, the topographic features in the extended focus image of the ASB structure enabled the characterization of the size of the width and depth of the voids and cracks.
Constitutive Model and Finite Element Simulation
Previous work has indicated that the Johnson-Cook (JC) model is capable of reasonably describing mechanical behavior of high rate deformation processes such as cold heading. Additionally, since the parameters in this model are relatively easy to determine, the JC model was preferred in this work for predicting the material behavior in cold heading by finite element simulation. 10) In the JC model, the von Mises flow stress,∂ is expressed as:
........... (1) Wheres, ē p andė p are the effective flow stress, the effective plastic strain and the effective plastic strain rate respectively. The effective initial strain rate,ė o , is normally set at 1.0 s
Ϫ1
. A, B, n, C, and m are material constants that are determined through experimentation, T* and is the normal-
Using ABAQUS/Explicit, a finite element (FE) model was developed to simulate the DWCT for the current work. This FE model is used to analyze material flow stress-strain behavior, change in material orientation and temperature change at different forming stages. In this FE simulation, the JC constitutive model was applied to describe the thermo-plastic, rate-dependent material behavior in a two-dimensional, axi-symmetric, adiabatic, analysis of a cylindrical specimen under impact loading. The meshing of the specimen was performed using 4-noded continuum elements with reduced integration and hourglass control (CAX4R).
The material constants in the JC model, A, B and n, which were calculated by using tensile test results, were determined to be 620 MPa, 1 310 MPa, and 0.8255, respectively. The thermal softening constant, m, was set at 1.00, which has been reported to be a good approximation for a number of metals.
11) The material constant, C, was obtained by Hopkinson bar compression testing and determined to be 0.022.
Results and Discussion
In general, microscopic examination and FE simulations for the DWCT specimens at different levels of deformation and at various regions inside each specimen showed that the deformation concentrated in the ASB. Voids and cracks found along the ASBs inside DWCT specimens (Fig. 3(a) ) were observed to coincide with cracking that occurs inside the head of the fasteners produced industrially as shown in Fig. 3(b) . This finding agrees with that of Qiang et al. 12) and Nemat-Nasser et al. 13) who have reported that the ASBs usually proceed the failure mechanism for most metals and alloys.
Two main instabilities are responsible for ductile fracture inside the ASB, namely geometrical instability and thermal softening. Geometrical instability has been related to the presence of inclusions and second phase particles, while thermal softening has been reported to occur from the high increase in temperature inside the band. 14) In the case of geometric instabilities, many researchers have considered inclusions or intermetallic particles as the initiation sites of the voids. [15] [16] [17] [18] [19] [20] [21] Nemat Nasser et al. 13) have also reported that cracks of this kind, which are produced by local defects, can create a local tensile stress state under an overall compressive applied stress. As the occurrence of tensile stresses in the vicinity of the inclusions and/or second phase particles is the classical preempt condition for void nucleation and growth, fracture initiation in the ASB under compressive loading of the DWCT is highly probable as found in this work. The present findings are supported by previous work by Dodd and Atkins 14) that have shown void growth sensitivity to hydrostatic stress state and the nucleation of voids at second phase particles or inclusions within the ASB under compressive hydrostatic stresses.
Detailed microscopic examination of the DWCT specimens at various regions showed that the deformation concentrated in the ASB zone with well-defined flow contours as illustrated in Fig. 4 . Specifically, traversing from the dead zone region adjacent to the ASB located at the center of the DWCT specimen (Fig. 4(a) ) to the specimen edge at the mid-axis (Figs. 4(b) and then 4(c) ), there is a sharp transition in the behavior of the material flow as observed by the contour lines. In the region deformed within the DWCT dies, the material flow behavior showed elongated semi-elliptical contours that increasingly concentrated towards the mid-axis of the specimen, as shown in Figs. 4(d) and 4(e) . At the center of the DWCT specimen, the ASB zone was observed to have highly deformed material flow contours as illustrated in Figs. 4(f) and 4(g) .
Analysis of the void characteristics using the LSCM indicated that regions where there is an increase in the plastic strain caused both an increase in the void density and size, as illustrated in Fig. 5 , such that in the region of the ASB, longer cracks were observed with increasing drop weight for the DWCT specimens. The occurrence of the long cracks in the ASB was usually observed in two zones: (1) along the center of the ASB (Fig. 4(f) ) and the other was found in the upper and lower regions adjacent to the ASB (Figs. 4(a) to 4(c)) . A finite element model was developed in this work to simulate the deformation results produced by DWCT. As shown in Fig. 6 , the model predicts the flow behavior observed at different locations within the specimen and explicitly shows the high degree of deformation inhomogeneity. This combined with material inhomogeneity in the form of inclusions or multiple-phases as well as thermal instabilities occurring during deformation inside the ASB zone can cause substantial variations in the local stress state and plastic strain conditions. Specifically, the presence of brittle inclusions, such as MnS in carbon steels, has been reported by Horstemeyer and Gokhale 20) to deform at a different rate as compared to the surrounding ductile ferrite matrix. Similar to findings of Nemat Nasser et al. 13) and Dodd and Atkins, 14) Horstemeyer and Gokhale 20) also reported that voids nucleated in steels under compressive loading conditions due to a local tensile stress state in the vicinity of the MnS inclusions. Hence under compressive loading conditions with a local tensile stress state both void nucleation and growth can occur in steels, albeit at a lower rate as compared to the dominating failure mechanisms of void formation and propagation under tensile loading. Park and Thompson 21) that have showed void initiation at both sides of the tensile pole of a particle, and because tensile states exist for even compression loadings, Horstemeyer and Gokhale 20) reported the possibility of void nucleation occurrence even under compression loads. Furthermore, although a compressive hydrostatic stress is still effective in suppressing the growth of microvoids, possible failure at the sheared surface may be in the form of tearing induced by the local plastic instability and/or microshear banding at the boundaries of inclusions. 22) This supports the findings in the current work that showed void initiation around the inclusions located at the edges of the top and bottom dead zones where changes in the material flow direction occurred due to the shearing at these locations (Figs. 4(a) to  4(c) ).
In the case of dual phase steels, the presence of second phase particles, such as martensite, have also been reported by Chen et al. 22) to have a delayed deformation rate as compared to ferrite. 23) This difference in the local flow behavior due to microstructural aspects can then cause void formation to initiate from decohesion of atomic bonds at the interface between the matrix and inclusion or second phase particle. Support for crack initiation and propagation at the nonmetallic inclusions and stringers sites was given in the work of Vora and Polonis 24) that found the particles to be weakly bonded to the matrix and elongated in the direction of material flow. In this work, prior to deforming in the DWCT, the as-received material showed the existence of spherical particles within a ferritic matrix, as illustrated in Fig. 7(a) . Once the decohesion between the matrix and the inclusion or second phase particle occurred, the nucleated voids were observed to grow with increasing strain from an initial spherical shape to an ellipsoidal form, as illustrated in Figs. 7(a) to 7(c). Boyer et al. 25) have predicted based on the Rice and Tracey model that extension of a void with an inclusion occurs during compressive loading and causes spherical voids to transform to an ellipsoidal geometry. In particular deformation to low plastic strains, i.e. less than 1, was observed in the present work to form voids around the (elongated) MnS inclusions and/or second phase particles, as shown in Fig. 7(b) . Moreover, elongation of the particles in the direction of material flow was also noticed, as illustrated previously in Fig. 4 . Besides the corroborative agreement with the work of Vora and Polonis, the current findings are also supported, for the particular case of MnS in steel, by Bandstra et al. 26) who have reported a propensity for void nucleation at the nonmetallic inclusion-matrix interface at small strains. In this work, large size inclusions or second phase particles were also observed to fracture during deformation (Fig. 7(c) ), which can cause stress concentrations that give a local increase in the strain and have the possibility of determining the moment and the location of ductile fracture. 27) To this effect, the work of Pardoen and Delannay 28) on the dependence of the initial void shape on the morphology of the inclusion, suggest that nucleation might occur through the fracture of inclusions and that the presence of inclusions can affect void growth.
Beyond these early stages of deformation, the voids that developed around the inclusions were determined to increasingly enlarge in size and coalescence as shown in Fig.  8 . The microscopic measurements revealed that the average inclusion diameter ranged between 0.2-1.5 mm, whilst the voids elongated and elliptical voids longer than 2.5 mm were observed within the specimen (Fig. 7(a) ). This observation is similar to the findings of Timothy and Hutchings 29) who have observed circular and elliptical voids nucleated along the ASB.
Having addressed the role of microstructural inhomogenities on the material flow characteristics, the occurrence of thermal instabilities during deformation must also be considered to account for softening and/or phase transforma- tion aspects. Specifically, based on the empirical assumption that 90 % of the plastic work under adiabatic conditions is dissipated as heat, a temperature rise during deformation in the shear bands is imminent. 30) Material instability can then occur if the thermal and damage softening (due to growth of microcracks and microvoids) overcome the work hardening. 31) FEM simulations for the DWCT showed that work hardening inside the ASB increased monotonically and gave a positive contribution to the equivalent stress (Fig. 9) . The effect of material softening was modest at first, but increased considerably with strain. When the effect of softening exceeded the effect of hardening, the drop in the equivalent stress was observed, which has been noted to trigger material flow localization. 31) Under localization conditions, the ASB starts to narrow and large thermal gradients superimpose existing strain gradients such that the equivalent stress continues decreasing and leads to an increase in the compressive stress triaxiality. Such conditions of increasing strain and compressive stress triaxiality inside the narrowing ASB allows an additional means of the nucleated voids to evolve in morphology from a spherical shape, in the early stages, to elliptical or oval in form, the latter being the precursor to void coalescence as shown in Fig. 8 . Further deformation that allows the top and bottom dead zones to get close to each other was observed to push the softened material at the center of the ASB towards the periphery of specimen, narrowing the ASB progressively and emphasizing the localization stage as illustrated in Fig.  10 . Such flow behavior was remarked to result in microscopic cracks formation at the boundary between top and bottom dead metal and at the point of inflection of the metal flow (Fig. 10) . Similar findings were reported by Okamoto et al. 3) for metal flow in case of excessive upsetting during fastener forging. Nonetheless, under compressive loads alone, growth of the voids or microcracks is unlikely during localization. However, the stress and strain conditions are conducive for microvoids elongation (Fig.  11) , which can increase the effective area of the void/cracks parallel to the shear plane. These findings are supported by Timothy and Hutchings who noted that the conditions during compressive deformation exist for void expansion at the end of the impact and during unloading. 29) In particular the nuclei, from which the voids grew, were suggested to form in the shear bands during deformation either as a direct consequence of thermal softening or from microvoids created by intense shear deformation, or a combination of these two factors. 29) Besides thermal aspects related to softening, during localization, the temperature inside the ASB was determined to exceed the Ac 3 temperature for the DP steel (847°C). In particular, the FEM simulation results indicated that the temperature inside the ASB reached between 900 to 1 100°C and for DWCT specimen conditions of 1.8 in aspect ratio and drop weight range of 27 kg and 38 kg. With localization, the increase in temperature in the ASB to 900-1 100°C would allow a certain fraction of austenite to form and, upon unloading, the rapid heat dissipation from the shear band to the surrounding matrix material would result in the phase transformation of this austenite to martensite, yielding TASBs as shown in Fig. 12 by the white etching bands. This microscopic evidence for the occurrence of TASB, which has been previously observed by other investigators, 16, 32) was further confirmed in this work by microhardness results that indicated a change from 270 HV in the undeformed zone to roughly 400-430 HV in the ASB and approximately 510-570 HV measured inside the TASB region. Hence during impact loading such as the DWCT or fastening forging, the inhomogeneous conditions for deformation coupled with the thermal instabilities has a high probability for void initiation and coalescence as well as microcrack formation. In multiphase materials, such as DP steel, the presence of second phase particles, either martensite or MnS inclusions, exist in the microstructure and provide the preempt condition for the formation of voids and microcracks. Hence not only is the possibility of void and crack formation greater due to the dominant influence of the second phase particles on the flow behavior characteristics, the preempt conditions for failure (existence of voids and microcracks) can be compounded in the presence of the brittle phase transformation of austenite to martensite that occurs in the latter stages of deformation.
Conclusions
In this work, the flow behavior during DWCT of DP steel was investigated in relation to the development of voids and microcracking within various regions of the specimen. The material flow contours that were determined for various DWCT specimens were effectively modeled and revealed the inhomogeneous nature of the deformation behavior. Under an applied compressive stress, geometric instabilities resulting from the presence of second phases (MnS inclusions, martensite,) were determined to result in the formation of voids during deformation due to the occurrence of a local tensile stress state in the vicinity of the particle. With progressive deformation, the voids were observed to elongate and coalesce and with the development of thermal instability the occurrence of localization in the ASB was then determined to result in microcracking. Another effect of the presence of thermal gradients during deformation was the formation of a TASB region in the DWCT specimen that was a result of the temperature exceeding the Ac 3 in the shear band. The coincidence of the phase transformation in the region of the voids and micro-crack formation especially requires careful identification of the deformation processing limits during cold heading to avoid internal cracking in the form of delayed splitting of the head in fasteners.
